Thermal simulation experiments on the system of gasoline and magnesium sulfate were carried out using an autoclave operating at high temperature and high pressure in the presence of water. Properties of the gas-oil-solid 3-phase products were analyzed by some advanced analytical methods including gas chromatography, microcoulometry, capillary gas chromatography in combination with a pulsed flame photometric detector, FT-IR and X-ray diffraction. The results showed that the reaction could proceed at 450˚C -550˚C to produce MgO, S, C, H 2 S, CO 2 and a series of organic sulfides such as mercaptans, sulfoethers and thiophenes as the main products. According to the reaction kinetics, the calculated activation energy of the reaction is 68.9 kJ·mol −1 .
Introduction
Marine carbonate strata are widely distributed in China and have been proved to be a potential area for exploration. With deep-going exploration research, some oil and gas reservoirs related to Palaeozoic carbonate source rocks have been discovered, which show good prospect for exploration and provide strong geological evidence for further exploration for Palaeozoic carbonate reservoirs [1] . Ancient marine carbonate strata underwent a long and complex tectonic movement which caused erosion, oxidation, leaching and some other effects on the strata. These effects caused alteration and destruction of reservoirs. Consequently, mercaptan, sulfide, thiophene and their derivants were formed in the reservoir [2] [3] [4] [5] . Non-thiophene organic sulfides were dominated in lowmaturity crude oil while in high-maturity crude oil, dibenzothiophene was dominated.
It is generally believed that in a geological body, elemental sulfur was incorporated into asphalt, crude oil and light hydrocarbons in natural gases, which caused the formation of organic sulfides. These organic sulfides have double bonds or unstable functional groups that only turned stable at the low temperature condition during the early diagenesis period. So it is implied that these processes occurred in the same special period [6, 7] . Xia Yanqing pointed out that the amount of thiophenes and their derivants depend on the number of conjugated dienes intermediates [8] [9] [10] . At an appropriate low temperature, a large number of conjugated dienes intermediates and thiophenes appeared. High temperature-conduced thiophenes turned to benzothiophenes, on the contrary, the reverse reaction occurred. Recent studies have indicated that during the process of hydrous pyrolysis at high temperature, n-alkanes could produce double-bonded hydrocarbons and elemental sulfur could react with these hydrocarbons to form new organic sulfides between 200˚C -250˚C [11] [12] [13] . Besides, sulfur may be incorporated into some unstable saturated hydrocarbons directly in the late diagenesis period, forming new non-hydrocarbon compounds or asphaltene. It is shown that some organic sulfides which were detected in the carbonate reservoir may be formed by way of incorporating of S into inorganic sulfides.
Organic sulfides in the marine carbonate reservoir can provide abundant geochemical information, so research on the formation mechanism of organic sulfides will find wide applications in oil-gas correlation, maturity determination for carbonate, and investigation on the characteristics of the depositional environment for carbonate rocks. However, the formation mechanism and the distribution features of organic sulfides still need to be proved by simulation experiments. In this paper, thermal simulation experiments on the system of gasoline and magnesium sulfate were carried out under hydrous con-
Experimental

Experiment Reagent
The reagents employed in this study include dimethyl sulfide, isopropyl mercaptan, tert-Butyl mercaptan, propyl mercaptan, ethyl methyl sulfide, thiophene, ethyl thioether, butyl mercaptan, dimethyl disulfide, 2-methylthiophene, 3-methyl-thiophene, tetrahydrothiophene, 2-methyl tetrahydrothiophene, amyl mercaptan, 2-ethylthiophene, 2,5-dimethyl thiophene, 2,4-dimethyl thiophene, 2,3-dimethyl thiophene, 2-propyl sulfide, 3,4-dimethyl thiophene, diethyl disulfide, n-hexyl mercaptan, n-heptyl mercaptan and n-butyl sulfide. All the reagents are analytically pure and provided by Germany Fluka Chemi AG Inc. and Belgium Acros Organics Inc., with their purity being 98% -99%. Sulfide standard solution was prepared with n-octane. Anhydrous magnesium sulfate was analytically pure, provided by Beijing Shuanghuan Reagent Factory and Tianjin Damao Chemical Reagent Factory. 93# gasoline oil was offered by the Service Stations of China University of Petroleum, Beijing.
Experimental Apparatus and Method
The thermal simulation experiment devices consist of a 200mL autoclave, gas circuit and a sample analysis system. The sample basket which is made of quartz glass with 10.0 g of MgSO 4 was put into the reactor before vacuumed, then 5 mL of distilled water and 20 mL of 93# gasoline oil were fed into the autoclave through a feed regulator.
In the system of gasoline and magnesium sulfate, the pressure varied between 4.0 MPa -12.0 MPa. The reactor was heated up to 340˚C directly and then to the final temperatures by a controlling program. The final temperatures were 450˚C, 475˚C, 500˚C, 525˚C and 500˚C, and the heating durations were 60 h, 50 h, 40 h, 30 h and 24 h, respectively. After each experiment, the basket with reaction products was removed out. The oil-water mixture was extracted out with a pipette, then oil and water were separated by employing a separatory funnel. The autoclave was flushed with 10 mL of distilled water each time until no solid existed when the water was mixed with 1 mol/L BaCl 2 solution. Solid products, water separated from the oil-water mixture and elution water were heated to 120˚C in a drying box for 6 hours, then heated in a muffle oven at 550˚C for 2 hours. The solid products were measured by an electronic balance after weighed, following calculating conversions. Properties of the gasoil-solid 3-phase products were analyzed by some spectral analysis techniques including gas chromatography, microcoulometry, GC-PFPD, FT-IR and X-ray diffraction, respectively. WK-2B microcoulometry was used to determine total sulfur content in natural gas and magnesium sulphate system. The entrance temperature of the furnace was 500˚C and exit temperature was 850˚C. The temperature of the gasification zone was 60˚C. The flow rates of air, nitrogen, and sample gas were 40 mL/min, 160 mL/min, and 30 mL/min, respectively.
Agilent 6890 GC equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID), and five mixed columns (capillary columns and packed columns) was used to analyze the gaseous products. The detector temperature was 250˚C. The temperature of the oven was heated to 100˚C at a heating rate of 5˚C/min after at 50˚C for 3 minutes, and then at 180˚C at a heating rate of 10˚C/min and the resident time was 3 min.
Gas chromatographic-pulsed flame photometric detective analysis was carried out on an Agilent 7683 GC directly coupled to an O.I. Analytical Model 5380 PFPD detector. The STAR 5.0 Chromatographic Workstation was offered by the Varian Company. The separation column was PONA column (50 m × 0.2 mm × 0.5 μm), the injection volume was 1.0 μL, and the split ratio was 30. The entrance temperature was 250˚C with a constant pressure (96.5 kPa) model. The original column temperature was 35˚C and was raised to 100˚C at a heating rate of 1.5˚C/min, then reached 250˚C at a heating rate of 10˚C/min and the resident time was 15 min. Nitrogen was employed as a carrier.
All spectral peaks were recorded from 4000 cm −1 to 400 cm −1 using the Nicolet FT-IR spectrometer. Each spectrum gave the average value of 32-times scanning with a resolution of 4 cm −1 . The products were mechanically crushed and ground as fine as <75 μm. X-ray diffraction (XRD) data were collected at room temperature from a SHIMADZU X-ray diffractometer under a voltage of 40kV, a current of 30 mA and a scanning speed of 2˚·min −1 with graphite monochromated CuKα radiation. The analytical parameters were: DS = 1˚, SS = 1˚, and RS = 0.3 mm.
Results
Analysis of the Gaseous Products
Gaseous products at the different reaction temperatures have a strong smell of rotten eggs. Lead acetate papers turned black when closed to the gas, which proved that hydrogen sulfide exists in the gas. Microcoulometry was employed to determine the total sulfur contents of gaseous products. Shown in Figure 1 is the relationship of total sulfur contents vs temperatures in the gaseous products. It is proved that the total sulfur contents increase with the rise of temperature.
with carbon numbers of 1 -6, unsaturated alkenes with carbon numbers of 2 -5 and H 2 would probably originate from the oxidation of hydrocarbons by magnesium sulphate, or the thermal cracking of hydrocarbons. No CO 2 was present in the original system, hence CO 2 is one of the products of the reaction system. CO might be intermediate or came from the H 2 deoxidization of CO 2 under high temperatures. Tempreture/ o C Temperature/˚C · Gas dryness coefficient CH 4 /(ΣC n H 2n+2 ) is used to characterize the evolution of hydrocarbon gas distribution. As shown in Figure 2 , the gas dryness coefficient and the content of CO 2 increase with the rise of temperature. It is proved that the oxidation of hydrocarbons by magnesium sulphate intensified with the rise of temperature while the average molecular weight of hydrocarbon gases gradually decreased. 
Analysis of Oil Phase Products
The compositions of hydrocarbons in the gaseous products at different reaction temperatures are listed in Table 1 . It can be seen that the composition is very complex. Besides saturated hydrocarbons (C 1 -C 6 ), there are also other unsaturated alkenes (C 2 -C 5 ) and non-hydrocarbons such as H 2 , CO and CO 2 . Saturated hydrocarbons According to the standard samples, the types of sulfides in oil phase between 450˚C -550˚C were detected and quantified by GC-PFPD. Qualitative research on oil phase sulfides was carried out in terms of the spectrum of standard sulfide and the experiential molecular formula of sulfide, boiling point and the references [14, 15] . It is shown that if a sulfide compound has fewer substituent groups or the substituent groups have a closer position, the retention time is always short. For thiophene series compounds, structures as adjacent substituents are always indicative of a long retention time. According to these principles, the retention time of organic sulfides was determined. PFPD is an equimolar detector which has no connection to the structures and types of sulfides, hence the standard curve of confirmative concentrations of sulfide was employed to define the sulfide contents in the oil phase. In this paper, 10 standard solutions with different sulfur contents were prepared in order to establish a standard curve of PFPD. In the preperation of the solutions 3-methylthiophene was used as the primary standard substance with octane as a solvent. Multi-level concentration correction and a 3-times-curve fitting for the experiment were used to obtaine a standard curve with a correlation coefficient of 0.999. The standard curve is y = 0.0014x 3 − 0.0609x 2 + 79.215x − 213.10, where y is the peak area, x is the mass fraction of sulfur, 10
. Analysis results of sulfides in the oil phase at different reaction temperatures are given in Table 2 , indicating that except for hydrogen sulfide, the reaction also produced a series of organic sulfides such as mercaptan, thioether, thiophene, etc.
The contents of thiophenes in the oil phase at different reaction temperatures are shown in Figure 3 . It is shown that the contents of thiophenes are positively correlated with the temperature. With the rise of temperature, sulfur temded to be converted to thiophenes with a higher thermal stability. Shown in Figure 4 are changes in total sulfide contents in the oil phase are consistent to temperature, which coincides with the counterpart results of gaseous products.
Analysis of Solid Products
The FT-IR spectra of solid products at 450˚C afer calcination are shown in Figure 5 . The peaks at 3351 cm −1 and 1639 cm −1 represent the stretching vibration and banding vibration of water, respectively. Besides, the peak at 1091 cm −1 is the stretching vibration band of 2 4 SO  and the peak at 487 cm −1 is the band of characteristic frequency of Mg-O [16] . Thus, MgO is one of the products in solid phase. Shown in Figure 6 are the X-ray patterns of calcinated solid products at 450˚C. It is found that apart from residual MgSO 4 , MgO was also formed in the solid products, which coincides with the results of FT-IR.
Pure magnesium sulfate solution can be hydrolyzed to yield a small amount of magnesium hydroxide at high temperature. Magnesium hydroxide can be converted to magnesium oxide through dehydration. But this convertion process is effected by water contents and particularly external conditions. Only little water was used in this experiment, which is present mainly in the form of gaseous phase in the autoclave between 450˚C -550˚C. Moreover, H 2 S generating during the reaction is an acidic gas which may inhibit hydrolysis of magnesium sulfate. No magnesium oxide appeared during the blank experiment in the system of magnesium sulfate-water, which demonstrates that the hydrolysis of magnesium sulfate can be neglected. Meanwhile, magnesium sulfate decomposition only occurs above 1124˚C. The temperature of the simulation experiment is far lower, so, magnesium oxide in the solid phase should mainly be the product of hydrocarbon reduction of magnesium sulfate.
According to the analysis results of the oil, gas and solid products, it is concluded that magnesium oxide, carbon, hydrogen sulfide, carbon dioxide, and thiols, thiophenes together with other organic sulfides are the main products of the reaction between gasoline and magnesium sulfate in an hydrous system.
Kinetics
The reaction between gasoline and magnesium sulfate was presumed as an n-order reaction, and its kinetic equation is written as follows [17] .
By integrating Equation (1), for n ≠ 1, Equation (2) gives
for n = 1, Equation (3) gives
For n ≠ 1, drawing a linear regression line for     When the linear regression coefficient is closest to 1, the corresponding value of n is considered as the proper reaction order. The molar conversions are 28.1%, 29.6%, 33.2%, 33.7% and 35.2%, respectively. It is clear that the conversion increases with temperature. Therefore, temperature is the important factor affecting the reaction between gasoline and magnesium sulfate.
The linear regression coefficients for the reaction between gasoline and magnesium sulfate are listed in Table  3 . It is shown that for n = 0, the linear regression coefficient is closest to 1. It hence can be concluded that the reaction between gasoline and magnesium sulfate is a zero-order reaction. Besides, it was found that when the mass of water was constant, the initial mass of MgSO 4 or the volume of gasoline was variable, and the reaction conversion was barely changed. It is confirmed that the reaction is of zero order indeed. In other words, the reaction rate is only a function of temperature, neither affected by the concentrations of reactants nor by the system pressure.
Regression line for the reaction between gasoline and magnesium sulfate is shown in Figure 7 . According to the slope and intercept of the regressed line, the activation energy E is calculated to be 68.9 kJ·mol −1 and the frequency factor A is 4.5 s 
Conclusions
In the system of gasoline and magnesium sulfate, when temperature is low, the reaction rate of the simulation experiment is so slow that little product is detected during such a short reaction time. According to the principle of temperature and time compensating each other, when the system temperature reaches 450˚C -550˚C, the gasoline will react with magnesium sulfate in a hydrous system. From the early investigation of pyrolysis simulation for source rocks, it was known that for the reaction temperature in laboratory attained between 450˚C -550˚C, the corresponding geological temperature is always between 160˚C -200˚C. The results confirmed the possibility of the reaction between gasoline and magnesium sulfate.
In the presence of water, the products of the reaction are MgO, S, coke, H 2 S and CO 2 and a series of organic sulfides such as mercaptans, thioethers and thiophenes. With increasing temperature, the oxidation effect of magnesium sulfate become more significant, the average molecular weight of hydrocarbon components dropped down and the overall trend of inorganic sulfur transformation into organic one was enhanced in the system. With the rise of temperature, sulfur tended to be converted to thiophenes with a higher thermal stability. The studies of kinetics have shown that the calculated activation energy and apparent frequency factor are 68.9 kJ·mol −1 and 4.5 s , respectively.
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